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Abstract 12 
In the race to achieve a sustainable urban wastewater treatment plant, not only the energy 13 
requirements have to be considered but also the environmental impact of the facility. 14 
Thus, nitrous oxide (N2O) emissions are a key-factor to pay attention to, since they can 15 
dominate the total greenhouse gases emissions from biological wastewater treatment. In 16 
this study, N2O production factors were calculated during the operation of a granular 17 
sludge airlift reactor performing partial nitritation treating a low-strength synthetic 18 
influent, and furthermore, the effect of temperature on N2O production was assessed. 19 
Average gas emission relative to conversion of ammonium was 1.5 ± 0.3% and 3.7 ± 20 
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0.5% while the effluent contained 0.5 ± 0.1% and 0.7 ± 0.1% (% N-oxidized) at 10 and 21 
20 ºC, respectively. Hence, temperature increase resulted in higher N2O production. The 22 
reasons why high temperature favoured N2O production remained unclear, but different 23 
theoretical hypotheses were suggested. 24 
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1. Introduction 29 
The implementation of the autotrophic biological nitrogen removal (BNR) in the 30 
mainstream has been proposed as the most promising solution for achieving energy-31 
neutral or even energy-positive urban wastewater treatment plants (WWTPs) (Kartal et 32 
al., 2010; Siegrist et al., 2008). Significant efforts have been made to implement such a 33 
treatment as a one-stage system, where partial nitritation and anammox process (PN/A) 34 
are integrated in one single reactor (De Clippeleir et al., 2013; Gilbert et al., 2014; Lotti 35 
et al., 2014a; Wang et al., 2016a; Wett et al., 2013). This is based on the practise of 36 
implementing this process for sidestream treatment (Lackner et al., 2014). However the 37 
different conditions of low required effluent concentrations, lower temperature and much 38 
larger hydraulic loading relative to nitrogen loading might make a different process 39 
design more feasible. Two-stage systems have been reported as a successful alternative 40 
to face the challenges of efficient autotrophic BNR at mainstream conditions (Isanta et 41 
al., 2015b; Ma et al., 2011; Pérez et al., 2015). 42 
In the race to achieve a sustainable urban WWTP not only the energy requirements have 43 
to be considered but also the environmental impact of the facility (Morales et al., 2015). 44 
Thus, greenhouse gases emissions are a key-factor to pay attention to (Kampschreur et 45 
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al., 2009). Nitrous oxide (N2O) is produced in conventional urban WWTPs during the 46 
autotrophic nitrification and heterotrophic denitrification and, actually, N2O emissions 47 
can dominate the total greenhouse gases emissions from biological wastewater treatment 48 
(Wunderlin et al., 2012). N2O is an important greenhouse gas with a global warming 49 
potential of about 300 times higher than CO2 on a 100 year time horizon (IPCC, 2013) 50 
and a substantial ozone-depleting compound in the stratosphere. Hence, mitigation 51 
strategies and control of emissions are essential issues to consider in the implementation 52 
of the autotrophic BNR in the mainstream of urban WWTPs. 53 
It is well known that N2O production in WWTPs is associated with nitrification by 54 
ammonia oxidizing bacteria (AOB) and to denitrification by heterotrophic bacteria 55 
(Kampschreur et al., 2009; Wunderlin et al., 2012). Furthermore, N2O emissions can be 56 
also produced by abiotic chemical reactions (Harper et al., 2015; Kampschreur et al., 57 
2011; Soler-Jofra et al., 2016). AOB produce N2O by two different pathways: (i) from 58 
intermediates of the biological oxidation of hydroxylamine (NH2OH), which is an 59 
intermediate during the ammonia oxidation to nitrite and (ii) the nitrifier denitrification 60 
pathway, which is the reduction of nitrite to N2O with ammonia, hydrogen or pyruvate as 61 
possible electron donors (Wunderlin et al., 2012). Heterotrophic denitrifiers produce N2O 62 
as intermediate in the denitrification so it can be released due to an imbalanced metabolic 63 
activity, a nitrite accumulation or a limited availability of biodegradable organic 64 
compounds and incomplete denitrification (Kampschreur et al., 2009; Wunderlin et al., 65 
2012). 66 
In the autotrophic BNR process, N2O emissions will mainly occur in the partial nitritation 67 
step since anammox bacteria are not supposed to produce N2O as it is not involved in 68 
their metabolism (Kartal et al., 2011). Actually, very low N2O emissions were reported 69 
in anammox reactors and they were associated with side reactions independent of 70 
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anammox bacteria (Lotti et al., 2014b), or to abiotic reactions (Kampschreur et al., 2011). 71 
In recent years, N2O gas emissions were widely studied for PN/A systems (either in one-72 
stage systems or in a single partial nitritation reactor) treating high-strength nitrogen 73 
wastewaters, mainly reject water (Castro-Barros et al., 2015; Desloover et al., 2011; 74 
Kampschreur et al., 2008b; Mampaey et al., 2016; Okabe et al., 2011; Pijuan et al., 2014). 75 
There was a huge variability on N2O emissions values reported in literature, ranging from 76 
1.5% (Rathnayake et al., 2013) to 11% (Desloover et al., 2011) of the ammonium oxidized 77 
emitted as N2O. This variability was due to differences in reactor configurations, type of 78 
influent, conditions applied and even the methodology used for quantifying emissions 79 
(Bollon et al., 2016). In the case of PN/A systems at mainstream conditions, to the best 80 
of the authors’ knowledge, only Wang et al. (2016b) and Reino et al. (2016) reported N2O 81 
gas emissions of a nitritation reactor treating a low-strength synthetic influent. Reino et 82 
al. (2016) reported very low values (0.36 ± 0.07% of the ammonium oxidized) in a 83 
granular sludge reactor performing partial nitritation at 10 °C, compared to N2O gas 84 
emissions reported by Pijuan et al. (2014) (6% of the ammonium oxidized) which used 85 
the same control strategy but treating a reject water at 30 °C, and it was suggested that 86 
temperature could be an important factor affecting N2O emissions. 87 
The effect of temperature on N2O emissions was never deeply studied since most studies 88 
were performed for systems treating reject water, which is characterized by high 89 
temperatures (30–35 °C). However, wastewater temperature is a key parameter in the 90 
nitrification process which affects to mass transfer, chemical equilibrium and growth rate 91 
(Van Hulle et al., 2010), so it could be also an important parameter affecting N2O 92 
emissions. Furthermore, N2O solubility decreases when temperature increases which 93 
affects N2O stripping from wastewater to gas phase resulting in the enhancement of N2O 94 
gas emissions. 95 
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Hence, the objective of the present study was to investigate the effect of temperature on 96 
the N2O gas emissions from a granular sludge airlift reactor performing partial nitritation 97 
of a low-strength synthetic influent. Hereto, the reactor was operated at three different 98 
temperatures: 10, 15 and 20 °C. 99 
2. Materials and Methods 100 
2.1. Configuration and operation phases of the reactor 101 
A lab-scale granular sludge airlift reactor with a working volume of 1.5 L was used. The 102 
downcomer-to-separator diameter ratio was 0.57 and the total length-to-downcomer 103 
diameter ratio was 8 (Fig. SI–1 in Supporting Information). pH was controlled and 104 
maintained at 8.0 ± 0.1 to rule out any potential effects derived from pH changes. Since 105 
the effect of pH on nitritation rates is known to be reduced in the range 7.5–8, a pH set 106 
point of 8 was selected, as done in a previous study (Reino et al., 2016). Compressed air 107 
was supplied through an air diffuser placed at the bottom of the reactor at a flow rate of 108 
2.9 ± 2 L h-1, 2.4 ± 0.3 L h-1 and 4.6 ± 0.7 L h-1, during the operation at 10, 15 and 20 °C, 109 
respectively. Gas flow was manually manipulated to maintain a dissolved oxygen (DO) 110 
concentration in the bulk liquid of 1.6 ± 0.4 mg O2 L
-1. This DO concentration guaranteed 111 
an oxygen to ammonium concentrations ratio (DO/NH4
+) in the reactor bulk liquid of 112 
0.05 ± 0.03 mg O2 mg
-1 N. Low DO/NH4
+ values in the bulk liquid were reported to 113 
repress NOB activity in granular sludge (Isanta et al., 2015). DO monitoring and pH 114 
control was done by a biocontroller (ADI 1030, Applikon, The Netherlands). The reactor 115 
temperature was controlled by means of a cryostat connected to the jacket of the reactor. 116 
Continuous operation of the reactor was divided in four different periods. Period I (days 117 
0–7) corresponded to the start-up period. During start-up temperature was maintained at 118 
10 °C and nitrogen loading rate (NLR) was gradually increased until approximately 0.5 119 
g N L-1 d-1. Periods II (days 8–40), III (days 41–58) and IV (days 59–65) corresponded to 120 
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the stable reactor operation at the different temperatures studied: period II at 10 ºC, period 121 
III at 20 ºC and period IV at 15 ºC. During the transition between periods temperature 122 
was directly changed and the sequence of temperatures tested was not consecutive (from 123 
the lowest temperature to the highest temperature) to minimize the effect of biomass 124 
acclimation at high temperature on the N2O emissions. The metabolism of the nitrifying 125 
bacteria can trigger an increase in N2O emissions as a response to dynamic process 126 
conditions, compared to emissions during steady-state (Kampschreur et al., 2008). Thus, 127 
we used a period of time of at least 3-5 hydraulic retention times for each condition before 128 
temperature tests were performed during several days of operation at each temperature 129 
(see section 2.3 for N2O measurement details). 130 
 131 
2.2. Inoculum and influent characteristics 132 
The airlift reactor was inoculated with 1L of granular sludge (approximately 2 g VSS) 133 
from a granular sludge reactor operated in the long-term performing partial nitritation of 134 
a low-strength synthetic wastewater at 10 ºC (Reino et al., 2016). The operational 135 
characteristics of the granular reactor at the moment when the inoculum was withdrawn 136 
are shown in Table SI–1 in Supporting Information. The inoculum was highly enriched 137 
in ammonia oxidizing bacteria (AOB) with more than 90% of abundance of AOB and 1 138 
± 1% of NOB (specifically Nitrobacter spp.) quantified through fluorescence in situ 139 
hybridization (FISH). Nitrospira spp. and genus Nitrotoga were not detected in the 140 
inoculum. 141 
The granular sludge airlift reactor was fed with a synthetic influent mimicking the 142 
pretreated municipal wastewater coming from the mixture of the effluent of a previous 143 
high rate reactor for COD removal plus the recirculation of the reject water of the digested 144 
sludge, as in an anammox-based WWTP (Isanta et al., 2015b; Kartal et al., 2010). The 145 
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resulting influent, from now low-strength synthetic influent, contained in average, 70 mg 146 
N-NH4
+ L-1, 45 mg KH2PO4 L
-1, 784 mg NaHCO3 L
-1, 80 mg NaCl L-1, 40 mg CaCl2 L
-147 
1, 90 mg MgCl2 L
-1 and 1 mL of trace elements solution per L of influent (Guerrero et al., 148 
2011). 149 
 150 
2.3. Analytical methods and N2O measurements 151 
Concentrations of ammonium, nitrite and nitrate in influent and effluent were regularly 152 
measured off-line with Dr. Lange test kits (Hach Lange, Germany) in previously filtered 153 
(0.22 μm pore) samples. Mixed liquor total suspended solids (TSS) and mixed liquor 154 
volatile suspended solids (VSS) were analysed according to Standard Methods (APHA, 155 
2005). 156 
Measurements of N2O concentration in the off-gas were analysed by means of an online 157 
analyser (Emerson Rosemount NGA 2000). Off-gas was collected continuously from the 158 
reactor headspace and conducted via a gas tube to the online analyser. A moisture filter 159 
was installed at the gas inlet of the analyser and a t-shaped tubing joint was fitted on the 160 
gas tube connecting the gas outlet of the reactor and the gas analyser, allowing the excess 161 
of gas to escape and thus avoiding overpressure in the line. Data were logged every 162 
minute for long periods of time (between 4 and 12 hours of N2O monitoring). In period 163 
II (10 °C), two sets of tests were done: (i) during days 17, 18 and 21 of operation, and (ii) 164 
during days 30, 31, 32 and 33 of operation. In period III (20 °C) the N2O measurements 165 
were performed during days 44, 56 and 57. And finally, in period IV (15 °C) 166 
measurements were performed during days 63 and 64 of operation. 167 
Measurements of N2O concentration in the bulk liquid of the airlift reactor were not 168 
directly measured, but calculated with mass transfer balances as explained in Supporting 169 
Information. 170 
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2.4. Calculation of the N2O production factors 173 
Two different N2O production factors were calculated. One was based on the total amount 174 
of N2O produced in relation to the total ammonium oxidized to nitrite, and the other one 175 
was based on the total amount of N2O produced in relation to the total ammonium of the 176 
influent. The way of calculating the N2O production factors is important to compare 177 
different nitrifying systems since, as explained by Pijuan et al. (2014), the production 178 
factor relative to the total ammonium oxidized to nitrite is the most adequate factor to 179 
compare the N2O production when the reactor is oxidizing only a certain fraction of the 180 
ammonium load (e.g. either full or partial nitritation). 181 
Moreover, in the present study N2O production factors were also divided in: N2O gas 182 
emission factors and N2O liquid production factors, depending on the phase where N2O 183 
was present. The N2O emitted in the gas phase was quantified with N2O gas emission 184 
factors (EFgas), while the dissolved N2O in the reactor bulk liquid was quantified with 185 
N2O liquid production factors (PFliq). Finally, a total N2O production factor (PFtot), 186 
comprising production in both gas and liquid phases, was calculated by the sum of the 187 
EFgas and PFliq. All the calculations used are described below: 188 
𝑃𝐹𝑡𝑜𝑡 = 𝐸𝐹𝑔𝑎𝑠 + 𝑃𝐹𝑙𝑖𝑞 (Eq. 1) 
𝐸𝐹𝑔𝑎𝑠(𝑝𝑒𝑟 𝑁𝐻4
+ 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑) =  
[𝑁 − 𝑁2𝑂]𝑔𝑎𝑠 × 𝑄𝑔𝑎𝑠
[𝑁 − 𝑁𝐻4
+]𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 × 𝑄𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
× 100 (Eq. 2) 
𝑃𝐹𝑙𝑖𝑞(𝑝𝑒𝑟 𝑁𝐻4
+ 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑) =  
[𝑁 − 𝑁2𝑂]𝑙𝑖𝑞 × 𝑄𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
[𝑁 − 𝑁𝐻4
+]𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 × 𝑄𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
× 100 (Eq. 3) 
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𝐸𝐹𝑔𝑎𝑠(𝑝𝑒𝑟 𝑁𝐻4
+ 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡)
=  
[𝑁 − 𝑁2𝑂]𝑔𝑎𝑠 × 𝑄𝑔𝑎𝑠
[𝑁 − 𝑁𝐻4
+]𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 × 𝑄𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
× 100 
(Eq. 4) 
𝑃𝐹𝑙𝑖𝑞(𝑝𝑒𝑟 𝑁𝐻4
+ 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡)
=  
[𝑁 − 𝑁2𝑂]𝑙𝑖𝑞 × 𝑄𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
[𝑁 − 𝑁𝐻4
+]𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 × 𝑄𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
× 100 
(Eq. 5) 
[𝑁 − 𝑁2𝑂]𝑔𝑎𝑠(𝑚𝑔 𝑁 − 𝑁2𝑂 · 𝐿
−1)
=  
[𝑁 − 𝑁2𝑂](𝑝𝑝𝑚𝑣) × 𝑃(𝑎𝑡𝑚) × 28(𝑔 · 𝑚𝑜𝑙
−1)
0.082 (
𝑎𝑡𝑚 · 𝑙
𝑚𝑜𝑙 · 𝐾) × 𝑇
(𝐾) × 1000
 
(Eq. 6) 
[𝑁 − 𝑁𝐻4
+]𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑(𝑚𝑔 𝑁 − 𝑁𝐻4
+ · 𝐿−1)
= ([𝑁 − 𝑁𝐻4
+]𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 − [𝑁 − 𝑁𝐻4
+]𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡) 
(Eq. 7) 
where, 189 
[N-N2O]gas is the nitrous oxide concentration in the off-gas in mg N L
-1; [N-N2O]liq is the 190 
nitrous oxide concentration in the bulk liquid in mg N L-1; [N-NH4
+]influent is the 191 
ammonium concentration in the influent in mg N L-1; Qgas and Qinfluent are the flow rates 192 
of aeration and synthetic influent, respectively, in L d-1; P is the atmospheric pressure and 193 
T is the temperature of operation. 194 
 195 
2.5. Fluorescence in situ hybridization (FISH) 196 
Abundances of AOB and NOB were analysed by FISH technique during the entire 197 
operation of the reactor. Hybridizations were performed as described in Supporting 198 
Information. Sample slides were observed with an epifluorescence microscope (Axioplan 199 
2; Zeiss), and image acquisition was performed with a Leica D350F camera. 200 
 201 
3. Results and Discussion 202 
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3.1. Operation of the reactor 203 
The airlift reactor was inoculated with granular sludge from another granular sludge airlift 204 
reactor which performed stable partial nitritation of a low-strength synthetic influent for 205 
250 days at 10 ºC (Reino et al., 2016). The operation of the granular sludge airlift reactor 206 
in the present study was divided in four periods (Fig. 1). Continuous operation took place 207 
from the start (inoculation at day 0) with an initial nitrogen loading rate (NLR) of 0.21 ± 208 
0.03 g N L-1 d-1 and a temperature of 10 ºC. During period I or start-up period (days 0–209 
7), the NLR was gradually increased until achieving an average NLR of 0.60 ± 0.07 g N 210 
L-1 d-1 in period II (days 8–40). From day 15 onwards the nitrate concentration in the 211 
effluent started to increase and nitrite concentration decreased. This meant that nitratation 212 
activity developed in the granular sludge airlift reactor despite of maintaining a low 213 
DO/N-NH4
+ concentrations ratio (0.06 ± 0.02 mg O2 mg
-1 N during periods I and II) 214 
which was previously reported to maintain stable partial nitritation with efficient NOB 215 
repression in granular systems (Bartrolí et al., 2010; Isanta et al., 2015; Reino et al., 2016). 216 
Table 1 shows the average concentrations of ammonium, nitrite and nitrate in the effluent 217 
of the airlift reactor during the different periods of operation. Nitrite and nitrate 218 
concentrations stabilized at the end of period II (days 30–40) at 10 °C with effluent values 219 
of 7 ± 4 mg N-NO2
- L-1 and 11 ± 3 mg N-NO3
- L-1, between these days. In period III (days 220 
41–58) temperature was increased until 20 ºC and stable operation was achieved with an 221 
average NLR of 0.78 ± 0.10 g N L-1 d-1. The concentration of the different nitrogen 222 
species in the effluent was maintained stable (Fig. 1B and Table 1), even when 223 
temperature was decreased again until 15 ºC in period IV (days 59–65) and the NLR 224 
decreased until an average value of 0.72 ± 0.08 g N L-1 d-1. Specific ammonium oxidation 225 
rate (sAOR) increased from 0.31 ± 0.04 g N g-1 VSS d-1 in period II (10 ºC) until 0.40 ± 226 
11 
0.06 g N g-1 VSS d-1 in period III (20 ºC), which was expected since biomass activity 227 
increases with temperature. 228 
 229 
 230 
Fig. 1. Continuous operation of the granular sludge airlift reactor treating a low-strength 231 
synthetic influent at different temperatures. Operation was divided in four different 232 
periods: period I (start-up), period II (operation at 10 °C), period III (operation at 20 °C) 233 
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and period IV (operation at 15 °C). (A) Nitrogen Loading Rate (NLR), Ammonium 234 
Oxidation Rate (AOR) and temperature (T); (B) Nitrogen compounds concentrations 235 
throughout the operation of the granular sludge reactor. 236 
 237 
Table 1. Nitrogen loading rate achieved and concentration of the nitrogen species present 238 
in the effluent during the different periods of operation of the granular sludge airlift 239 
reactor. The low-strength synthetic influent treated contained 66 ± 6 mg N-NH4
+ L-1. T: 240 
temperature; NLR: nitrogen loading rate; n.a.: not analysed. 241 
Period T Gas flow NLR [N-NH4
+]eff [N-NO2
-]eff [N-NO3
-]eff 
 (°C) (L h-1) (g N L-1 d-1) (mg N L-1) (mg N L-1) (mg N L-1) 
I 10 2.4 ± 0.1 0.4 ± 0.2 25 ± 10 42 ± 10 n.a. 
II 10 2.9 ± 0.2 0.60 ± 0.07 38 ± 9 18 ± 10 6 ± 5 
III 20 4.6 ± 0.7 0.8 ± 0.1 35 ± 9 15 ± 6 14 ± 3 
IV 15 2.4 ± 0.3 0.72 ± 0.08 38 ± 8 15 ± 3 12 ± 4 
 242 
Biomass concentration in the reactor was maintained stable during the four different 243 
periods of operation and resulted in 1.9 ± 0.2 g VSS L-1. Settling properties of the granules 244 
were also maintained during the whole operation of the granular sludge airlift reactor, 245 
with an average settling velocity of 23 ± 5 m h-1 and an average sludge volumetric index 246 
(SVI) of 76 ± 4 ml g-1 TSS, which are typical values of granular biomass (an image of the 247 
nitrifying granules is depicted in Fig. SI–2 in Supporting Information). The hydraulic 248 
retention time (HRT) was maintained at 2.4 ± 0.5 h and the solid retention time (SRT) 249 
was kept at an average value of 23 ± 10 days. 250 
The measured nitrogen compounds balanced well during the whole operation of the 251 
reactor, with an average value of 99 ± 6% detection of the nitrogen load from the influent 252 
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in the effluent (Fig. SI–3 in Supporting Information). Thus, neither heterotrophic nor 253 
autotrophic (anammox process) denitrification was considered to take place in the 254 
granular sludge airlift reactor, and consequently the contribution of heterotrophic 255 
denitrification to N2O emissions can be neglected. 256 
3.2. Microbial characterization of the granular sludge 257 
Biomass samples were periodically analysed by FISH technique to identify the nitrifying 258 
population present in the granular sludge airlift reactor. Qualitative evaluation of the 259 
FISH results (Fig. SI–4 in Supporting Information) indicated that granules were highly 260 
enriched in AOB during the entire operation of the reactor, while NOB were barely 261 
detected at the beginning but developed during the operation. 262 
NOB were expected to be present in the granules since up to 12 ± 4 mg N-NO3
- L-1 were 263 
produced in the reactor at the end of the operation. However, neither genus Nitrospira 264 
nor Nitrobacter spp., which are often the most commonly NOB found in nitrifying sludge 265 
(Wagner et al., 2002), were detected in the granules. In contrast, the newly recognized 266 
NOB genus Nitrotoga (Alawi et al., 2007) was detected in biomass samples from day 15 267 
onwards and its abundance increased during the operation of the reactor (see Fig. SI–4 in 268 
Supporting Information). Optimal growth temperature for genus Nitrotoga has been 269 
reported to be lower than for other NOB species (10ºC, Alawi et al., 2007). Reports also 270 
indicated that low temperatures enhance the development of Nitrotoga population in 271 
engineered ecosystems for water treatment (Alawi et al., 2009; Hüpeden et al., 2016). 272 
Recent studies have reported a high abundance of genus Nitrotoga in full-scale urban 273 
WWTPs in the north of Europe (Lücker et al., 2015; Saunders et al., 2016).The prolonged 274 
low temperatures applied in our study could favour the growth of Nitrotoga in the 275 
granular sludge. Thus, the important role of this novel nitrite oxidizer in nitrifying systems 276 
was reaffirmed in the present study. 277 
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 278 
3.3. Nitrous oxide production 279 
Off-gas was monitored during the periods II, III and IV of operation of the granular sludge 280 
airlift reactor in order to calculate the N2O gas emission factors (EFgas) of the nitrifying 281 
sludge treating a low-strength synthetic influent at different temperatures. DO 282 
concentration was maintained stable (1.6 ± 0.4 mg O2 L
-1) to avoid a strong influence on 283 
the N2O production as previously reported by Pijuan et al. (2014). Since the granular 284 
sludge airlift reactor operated performing partial nitritation, a discussion of the nitrous 285 
oxide emission factors based on the N2O emitted in relation to the total ammonium 286 
oxidized by AOB is more appropriate. 287 
Fig. 2 shows the N2O production factors obtained during the operation of the granular 288 
sludge airlift reactor at 10, 15 and 20 ºC. A 2.5-times increase was measured in N2O gas 289 
emissions relative to the oxidized ammonium when temperature increased from 10 °C 290 
(EFgas of 1.5 ± 0.3%) to 20 ºC (EFgas of 3.7 ± 0.5%) in period III. It could be argued that 291 
after a long period operating at 10 ºC there is an acclimation of the biomass at that 292 
temperature, and changing the operation at higher temperature acted as a disturbance 293 
triggering higher N2O emissions. Nevertheless, N2O gas measurements were performed 294 
at the beginning and end of the period III and no diminishment in emissions after 295 
operating at 20 °C was observed. In addition, a decrease in N2O EFgas was observed when 296 
temperature decreased again until 15 ºC in period IV (EFgas of 1.5 ± 0.5%), reaching 297 
roughly the same value obtained at 10ºC. 298 
As mentioned in section 3.1, the ammonium concentration in the effluent was maintained during 299 
N2O monitoring (37 ± 8 mg N-NH4+ L-1), however nitrite and nitrate concentrations changed from 300 
day 15 onwards (Fig. 1). It could be thought that the variations of the nitrite and nitrate 301 
concentrations in the granular sludge airlift reactor could affect N2O emissions, however the two 302 
sets of measurements on period II were performed at different concentrations of nitrite and nitrate 303 
15 
(29 ± 2 mg N-NO2- L-1 and 1.5 ± 0.8 mg N-NO3- L-1 on days 17, 18 and 21 while 11 ± 7 mg N-304 
NO2- L-1 and 10 ± 4 mg N-NO3- L-1 on days 30, 31, 32 and 33 of operation) and still they resulted 305 
in very similar values (EFgas of 1.5 ± 0.3%, Fig. 2). Furthermore, when the temperature was 306 
decreased from 20 to 15 ºC (period IV in Figs. 1 and 2) the emission rates -despite nitrate 307 
production- were in agreement with the overall trend, so that the increase in emissions at 20ºC is 308 
not linked to the nitrate production. 309 
 310 
 311 
Fig. 2. N2O production factors relative to the ammonium oxidized to nitrite during the 312 
operation of the granular airlift reactor at 10, 15 and 20 °C. EFgas: N2O gas emission 313 
factors; PFliq: N2O liquid production factors; PFtot: N2O total production factors. 314 
 315 
Hence, a clear increase of N2O gas emissions was found for temperatures higher than 15 316 
°C. Two reasons could explain this observation: (i) high temperature led to high N2O 317 
production in the granular sludge airlift reactor or (ii) N2O gas emissions increased 318 
because of the increment of stripping of N2O, since aeration was not constant during the 319 
three periods, being the highest aeration at 20 °C. 320 
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To assess the overall N2O production rates at the different temperatures of operation, the 321 
N2O liquid production factors (PFliq) were calculated. Fig. 3 shows the average gas and 322 
liquid N2O production factors at different temperatures, together with the total production 323 
factors calculated as the sum of both contributions (liquid and gas). Total N2O production 324 
factors indicated an increase with temperature. PFliq increased when temperature 325 
increased despite of N2O solubility decreases with temperature. N2O is a very soluble gas 326 
(solubility: 1260 mg L-1 at 20 °C, (Weiss and Price, 1980)) and, actually, N2O 327 
concentrations in the liquid phase were always higher than in the gas phase, which, in 328 
addition, increased when temperature increased (Table 2) despite of N2O solubility 329 
decreases with temperature. Both PFliq and EFgas remained rather constant, with a slight 330 
increase from 10 °C to 15 °C although gas flow decreased (gas flow of 2.9 ± 0.2 L h-1 at 331 
10°C and 2.4 ± 0.3 L h-1 at 15 °C). 332 
 333 
Fig. 3. Average N2O production factors relative to the total NH4
+ oxidized to NO2
- at the 334 
different temperatures tested. EF gas: N2O gas emission factor; PF liq: N2O liquid 335 
production factor; PF total: sum of liquid and gas N2O production factors; T10, T15 and 336 
T20: 10, 15 and 20 °C of temperature, respectively. Error bars represent the standard 337 
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deviation of the average values obtained at each temperature. 338 
 339 
 340 
Table 2. Concentrations of N2O in the off-gas and the liquid phase during the different 341 
periods of operation of the granular sludge airlift reactor. Concentration in the off-gas 342 
was directly measured in the reactor headspace, while the concentration in the liquid was 343 
calculated as explained in the materials and methods section. 344 
Period Days 
T 
(°C) 
[N-N2O]off-gas 
(mg L-1) 
[N-N2O]liquid 
(mg L-1) 
II 8–40 10 0.08 ± 0.01 0.12 ± 0.02 
III 41–58 20 0.18 ± 0.01 0.24 ± 0.03 
IV 59–65 15 0.09 ± 0.02 0.11 ± 0.04 
 345 
 346 
Total N2O production rate at 20 °C was higher than production at lower temperatures and 347 
gas phase emissions were highly affected due to the severe stripping occurred. Thus, 348 
lower aeration could be proposed to reduce N2O gas emissions at temperatures higher 349 
than 15 °C in the granular sludge reactor. However, nitrifying activity increased with 350 
temperature and NLR was increased to maintain the ammonium oxidation throughout the 351 
reactor operation. This increase led to high oxygen consumption and, thus, a high aeration 352 
was needed to maintain the DO concentration in the granular sludge airlift reactor. If NLR 353 
was not increased, more ammonium would be oxidized and effluent characteristics would 354 
not be maintained in the reactor. Hence, it was not valid to decrease aeration in this system 355 
as a mitigation strategy and the high gas flow needed to maintain the DO concentration, 356 
together with the decrease in gas solubility, increased the fraction of N2O stripped to the 357 
18 
gas phase. In any case, in the event that lower aeration flow rates could be used at 358 
temperatures higher than 15 °C to avoid the influence of stripping, N2O gas emissions 359 
would be considerably reduced in the gas phase but maintained in the liquid phase, which 360 
could transpose the emissions problem to the effluent. Though, the reactor of partial 361 
nitritation is not the last reactor before effluent discharge and N2O could be denitrified in 362 
a subsequent reactor resulting in an overall emissions reduction. 363 
 364 
The average values of N2O EFgas obtained for a granular sludge enriched in AOB were in 365 
the same order of magnitude of other partial nitritation systems reported before (Table 366 
SI–4 in Supporting Information). However, most of the studies available in literature 367 
reported EFgas in partial nitritation systems treating high-strength wastewater (e.g. reject 368 
water) and little has been published for partial nitritation of low-strength wastewater (e.g. 369 
urban wastewater). Overall, bibliographic reports show that nitritation systems treating 370 
high-strength wastewater presented higher emission factors than systems treating low-371 
strength influents, although there is a huge variability (Table SI–4 in Supporting 372 
Information). 373 
To the best of the authors’ knowledge, the effect of temperature on N2O production in a 374 
granular sludge enriched in AOB performing partial nitritation has not been reported 375 
before. There are few studies that characterize N2O emissions from full-scale nitrifying 376 
reactors, which present winter and summer campaigns and, thus, high and low 377 
temperatures appear as a side parameter. Nevertheless, these studies were not specifically 378 
focused on temperature and other side parameters affected the emissions. On the one 379 
hand, Bollon et al. (2016) found that PFtot (based on the N-oxidized) from full-scale 380 
nitrifying biofilters performing complete nitrification were higher in the winter campaign 381 
(PFtot = 4.9 ± 0.5% at 15 °C) than in the summer campaign (PFtot = 2.3 ± 0.5% at 22.5 382 
19 
°C), which contrasts with the results of the present study. However, they suggested that 383 
the negative influence of temperature on emissions was not related to the temperature 384 
itself, but to the low DO and high nitrite concentrations occurred in winter, which enhance 385 
N2O production. On the other hand, Daelman et al. (2015) reported N2O emission factors 386 
in the long-term operation of a full-scale urban WWTP and did not find any correlation 387 
with nitrous oxide emissions and water temperature. In the same way, Ahn et al. (2010) 388 
did not directly correlate temperature with N2O emissions from activated sludge 389 
processes of 12 WWTPs across the United States, but expected that emissions were 390 
indirectly governed by temperature trough manifestation in ammonium, nitrite or DO 391 
concentrations.  392 
 393 
3.4. Theoretical implications 394 
The difference in N2O production rates found at 20, 15 and 10 °C in the reactor suggests 395 
that there is a kinetic deactivation of N2O emissions at low temperatures. In this sense 396 
two possible explanations for this observation were hypothesised: (i) the kinetic 397 
dependency with temperature of the ammonia monooxygenase (AMO) enzyme 398 
catalysing the oxidation of ammonium to hydroxylamine is different than that for the 399 
hydroxylamine oxidoreductase (HAO) enzyme catalysing the oxidation of 400 
hydroxylamine to nitrite, in such a way that at 20 °C the intermediate hydroxylamine 401 
slightly accumulates because the oxidation of hydroxylamine is the limiting step. 402 
However, at lower temperature, this situation would be reversed, and the oxidation of 403 
hydroxylamine would be faster than the oxidation of ammonia. The decrease in 404 
hydroxylamine accumulation could reduce considerably the N2O emissions because 405 
hydroxylamine is the precursor of N2O in both pathways (hydroxylamine oxidation and 406 
nitrifier denitrification) in granular sludge reactors performing partial nitritation (Sabba 407 
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et al., 2015). Nevertheless, the scarce references found related to the temperature 408 
dependence contradict this hypothesis (Tokuyama et al., 2004; Zhang et al., 2015), which 409 
would therefore rule out the differential impact of temperature on enzymes activities. (ii) 410 
A second possibility to take into account is the temperature dependency of the acid-base 411 
equilibrium ammonium-ammonia. The true substrate of AOB is ammonia rather than 412 
ammonium (Suzuki et al., 1974). There is an impact of the temperature in the half-413 
saturation coefficient expressed in ammonium concentration units (Suzuki et al., 1974). 414 
Since the residual ammonium concentration is kept rather constant among the different 415 
temperature tests (37 ± 8 mg N-NH4
+ L-1), the fraction of ammonia is significantly 416 
decreasing with the decrease in temperature at a pH of the bulk liquid of 8 (free ammonia 417 
concentration of 0.81, 1.2 and 1.7 mg NH3 L
-1 at 10, 15 and 20 °C, respectively). 418 
Additionally, a gradient of pH is expected in the biofilm, because ammonia oxidation 419 
produces protons (de Beer et al., 1993; Gieseke et al., 2006; Schreiber et al., 2009) which 420 
will decrease even more the ammonia concentration in the deeper layers of the granule. 421 
With the decrease in temperature if a good fraction of the cells is not saturated in 422 
ammonia, the accumulation of hydroxylamine could decrease considerably, and 423 
consequently, also the N2O production, as already discussed. 424 
A third possible explanation which should not be overlooked is the effect of oxygen 425 
concentration on the N2O emissions. It was mentioned before that DO concentration in 426 
the bulk liquid was maintained stable during the three periods operating at different 427 
temperatures. However, the oxygen penetration into the granules was expected to be 428 
different at different temperatures. When the temperature in the reactor decreases, the 429 
oxygen penetration depth increases. This could lead to a reduced fraction of AOB in 430 
anoxia, which in turn would reduce the N2O production due to the diminishment of N2O 431 
production from the nitrifier denitrification pathway. 432 
21 
 433 
In the present study, the reasons why high temperatures led to high N2O production in the 434 
system remained unclear, although a significant impact of the temperature in the N2O 435 
emissions in a partial nitritation system treating a low-strength synthetic wastewater was 436 
demonstrated. Hence, the present study appears as a starting point for further studies 437 
investigating the effect of temperature on PN/A systems. The present study is an 438 
interesting study to assess the N2O emissions in a partial nitritation reactor treating a low-439 
strength synthetic influent. Added value comparing to the values obtained in Reino et al. 440 
(2016) from grab samples is that online measurements were done at different 441 
temperatures for long periods of time (ca. 5–30 HRT) which allowed to avoid both a 442 
short-term temperature effect and a substantial change of population). 443 
 444 
4. Conclusions 445 
A granular sludge airlift reactor performing partial nitritation at mainstream conditions 446 
was operated at high NLR with low N2O emissions. 447 
The production of N2O by an enriched nitrifying granular sludge at 10, 15 and 20 ºC was 448 
determined and the highest N2O production rates were observed at the highest 449 
temperature. 450 
Temperatures higher than 15 ºC caused an increase of the N2O gas emissions due to a 451 
higher N2O production rate together with a more severe stripping as a result of the higher 452 
aeration requirements. 453 
 454 
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